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TITLE: OPTICAL PROJECTION TOMOGRAPHY 
Field of the Invention 

■ 

This invention relates to optical projection tomography. 
Background to the Invention 

Optical projection tomography is a known technique for producing thrde-dimensional 
images of specimens. For example, in US Patent 5,680,484 a specimen is rotated to a 
number of indexed positions so that Ught directed at the specimen produces a series of 
images at successive rotational positions of the specimen. These images are fed into a 
radon transform which constructs a three-dimensional image of the specimen. - The 
invention aims to provide a different way of optically processing the light emanating from 
the specimen, with a view to reducing noise or interference in the series of images and 
providing improved depth of focus in the series of images. 

Summary of the Invention 

Accordmg to one aspect of the invention apparams for obtaining an image of a specimen 
"by optical projection tomography comprises light scanning means, a rotary stage for 
rotatmg the specimen to be imaged, an optical system and light detector means, wherein 
light from the scanning means scans the specimen and the optical system is operative, 
throughout the scanning movement of the Ught, to direct onto the detector means only Ught 
which is unscattered and unrefracted as a result of passing through the specimen. 



The optical system is preferably a convex lens which causes convergence of incident light 
but directs onto the detector means all unscattered and unrefracted light, i.e. aU light 
emerging from a specimen in a direction parallel to the central optical axis of the 
apparatus. A concave mirror or diffraction grating could be used instead of the convex 



lens. 



In a preferred embodiment, the light scanning means form part of a confocal scanning 
microscope and the rotary stage (corresponding to the rotary stage disclosed in the 
appUcant's co-pending International Patent Application No. PCT/GB02/02373) includes a 
stationary chamber within which the specimen is suspended. 

The light detector means may be a localised detector positioned on the optical ids of the 
apparatus, so as to receive only the unscattered and unrefracted light, as previously 
described. 

However, the light detector means may be a one-dimensional, i.e. linear, array. In this 
case, a central detector of the array constitutes the light detector means and the detectors 
on either side of the central detector constitute auxHiary detectors which detect scattered 
and/or refracted light. The intensities of light received by the auxiliary detectors can be 
used to provide information on the refractive characteristics of the specimen. 

» 

This approach can be extended to provide a two-dimensional array of detectors,' with a 
central detector constituting the light detector means and the surrounding detectors 
constitoting auxiliary detectors which detect scattered and/or refracted light in the 
additional planes. 

According to another aspect of the invention there is provided an optical system for use in 
apparatus for obtaining an image in optical projection tomography, the optical system 
receiving light from a specimen scanned by a light beam and bemg operative to direct onto 
a localised region only light which is unscattered and unrefracted as a result of passing 
through the specimen. 
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According to a yet further aspect of the invention there is provided a method of obtaining 
an image of a specimen in optical projection tomography, the method comprising moving a 
light beam across the specimen with a scanning motion, passing the Ught emanating from 
the specimen through an optical system, and directing the light from the optical system 
onto a detector which detects the Ught from the optical system, wherein the optical system 
is operative, throughout the scanning movement of the light, to direct onto the detector 
only light which is unscattered and unrefracted as a result of passing through the specimen. 



Brief Description of the Drawings 

The invention wiU now be described, by way of example, with reference to the 
accompanying drawings, in which: 



Figure 1 is a diagram of the apparatus, 

Figures 2a and 2b show how the microscope optics of the apparatus can be 
arranged to have low numerical aperture or high numerical aperture, 

ft * 

Figure 3 shows known image-forming optics. 

Figures 4 and 5 show the image-forming optics of an optical system of the 
inventive apparatus, 

Figures 6a, 6b, 6c and 6d show representative Ught paths for the optical system of 
the inventive apparatus. 



Figures 7a, 7b and 7c illustrate how different degrees of refraction affect operation 
of the optical system. 
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Figure 8 illustrates how refraction is measured using a one-dimensional array of 
detectors, and 

Figures 9 to 12 illustrate, in three dimensions, the operation of the optical system. 
Detailed Description of the Drawinp rg 

Referring to Figure 1, the apparatus comprises a light source 1 (in the form of a laser) 
which supplies light to a two-dimensional light scanning means 2, the scanning mechanism 
of which has a dual mirror system. Light with a scanning motion is fed through miage- 
forming optics 3. A dichroic mirror 4 interposed between the light source 1 and the 
scanning means 2 directs returned light to a high speed light detector 5. The components 1 
to 5 may be provided by a confocal light-scaiming microscope. 

Light from the optics 3 passes through a specimen 6 which is rotated within, and supported 
by. a rotary stage 7 which in stmcture corresponds to the rotary stage disclosed in the 
applicant's co-pending International Patent Application No. PCT/GB02/02373. The rotary 
stage 7 rotates the specimen to successive indexed positions at each of which one complete 
scan of the excitation light is undertaken. After passing through the specimen 6, the light 
is processed by an optical system 8 which dfrects the light to a one-dimensional or two- 
dimensional array of high speed light detectors 9. 

In fluorescence mode, light from the specimen 6 is returned through the optics 3 and the 
scanning means 2 and thence, via the mirror 4, to the high speed light detector 5. It is in * 
the transmission mode, to be described, that the new arrangement of optics and detectors is 
used. 

The microscope optics 3 may have a high numerical aperture (Figure 2a) or may be 
adapted to have a low numerical aperture (Figure 2b) which is useful for some specimens 
to be imaged. 



Figure 3 iUustrates a known image-forming system. Tiie light from any point on the focal 
plane 12 (within the specimen) is collected and refracted by a lens 13 towards a single 
point in the image plane 14. There exists a symmetry such that any point on the image 
plane 14 maps to a point in the focal plane 12 and ^nce versa. 

By contrast, the need for an image-forming optical arrangement is removed in the inventive 
«non-focal" optics of Figures 4 and 5 which displays no such symmetry. The non-focal 
optical system 8 is represented by a convex lens 15. The light from a single point on the 
focal plane 12 is not focussed onto a single Ught detector. It is diverged such that only the 
light which continues to travel straight through the specimen 6 along the optical axis of the 
apparatus (i.e. the light 16 which is not scattered) reaches the single light detector 9a 
positioned on the optical axis. The purpose of the lens 15 in this case is very different 
from Figure 3. It can only function in a Ught-scanning situation. The narrow Ught beam 
is scanned (e.g. in a raster pattern) across the specimen through a multitude of different 
positions (five of which are illusttated as the black arrows in Figure 5). The purpose of 
the non-focal optical system 8 (i.e. the lens 15) is to direct, only unscattered and 
unrefracted Ught onto the single light detector 9a, frrespective of the scanning position of 
the light beam. In specimens which cause significant scattering of light the system allows 
a higher signal-to-noise ratio to be obtained by Umiting detection of scattering Ught. 
Alternatively, in specimens with low scattering but non-uniform distribution of refractive 
index the system allows this non-uniform disfribution to be calculated by measuring the 
degree of refraction experienced by each projection. 

Figures 6a to 6d iUustrate some representative Ught paths for rays (derived from a narrow 
• laser beam) emitted from the specimen 6 while passing through the non-focal optical 
system. 

In Figure 6a rays scattered from a point in the centre of the specimen 6 are diverged away 
from the Ught detector 9a: The proportion of scattered rays which are detected can be 
adjusted by changing the effective . size of the detector. An adjustable iris aUows this 
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control (which is very similar to the pin-hole in a scanning confocal microscope). 
Alternatively, the position of the lens can be adjusted to cause more or less divergence of 
the scattered rays. In optical image-forming systems, an airy disc is the interference 
pattern produced by the light emitted from a single point within the specimen. Optical 
systems which produce larger airy discs have lower resolving power, as airy discs from 
neighbouring points within the specimen will overlap. The concept of the airy disc is not 
strictly relevant to a project-measuring system like ttds, however a similar concept does 

« 

exist. In the case of the non-focal optics described here, light from each projection creates 
a very broad distribution of intensities (at die position of the detector) similar to a broad 
airy disc, which might suggest low resolving power. However, as only a single projection 
is measured at any one time even very broad distributions cannot interfere with each other. 

In Figure 6b rays scattered from other points along the same line sampled in Figure 6a, are 
also diverged away from the light detector 9a. 

In Figure 6c unscattered light from a different scanned position (black arrow) is emitted 
from the specimen 6 substantially parallel to the optical axis, and is therefore refracted 
towards the light detector 9a. As in Figures 6a and 6b, scattered light is directed away 
from the detector 9a 

In Figure 6d unscattered rays from any scanned position are directed onto the light detector 
6. The arrows represent successive positions of the laser beam as it is scanned across the 
specimen "6 in a direction perpendicular to the optical axis. 

All experiments done so far with optical projection tomography have had to assume that 
although some of the light is scattered, the refractive index of the specimen is uniform. 
Recent experiments have demonstrated that a number of important specimens (including 
medical imaging of biopsies) display non-uniform refractive indexes. This means that the 
current algorithms are not accurately imaging the specimen - distortions and artefacts are 
introduced. The apparatus described reduces this problem by measuring information not 
previously available - i.e. the angle at which a light beam exits from the specimen. 



In the use of the present apparatus a clearing agent (such as BABB) is used such that the 
majority of the light is not scattered. It is however subject to a different form of disruption 
- refraction. In Figure 7. scattered light is mdicated by broken lines, while the main path 
of light is shown in solid lens. In the first example of Figure 7a this path is not bent as it 
passes through the specimen 6 (it is only refracted on passing through the lens). The main 
. path does pass through a region of the specimen with a higher refractive index than the rest 
(grey disc), however both, the interfaces it encounters between regions of differing 
refractive index are perpendicular to the Ught path, so no refraction occurs. 

In the second case of Figure 7b. the illumination beam is slightly higher and therefore the 
interfaces it encounters between the grey region and the white region of the specimen 
(different refractive indexes) are slightiy displaced from perpendicular. This causes two 
slight refractions of the main path such that when the Ught emerges from the specimen it is 
no longer parallel to the optical axis and is directed slightly to the side of the original 
central Ught detector 9a. If auxiliary light detectors 9b are positioned on either side of the 
central detector 9a. these can measure the degree of refraction. Any projection wiU give a 
certam distribution of intensities along the array of Ught detectors, with the strongest 
values closer to the centre of the distribution. The system need only determine where the 
.centre of this distribution is (usually the strongest intensity) to measure the angle at which 
the main Ught path emerged from the specimen. In the last case of Figure 7c, a different 
scanned position has caused greater refraction of the beam, which is reflected in a further 
shift along the array of detectors. 

In Figure 8. an oblong region of the specimen 6 has a higher refractive index (grey shape) 
■"than the rest. Rays passing around the specimen are not refracted and so are directed to 
the central light detector 9a. Rays passing through the middle of the specimen (middle two 
rays in Figure 8) are refracted twice. The two interfaces which the Ught passes through 
(white-to-grey and then grey-to-white) are paraUel with each other, and the Ught rays 
therefore exit the specimen at the same angle that they entered it. These rays are also 
directed onto the central detector 9a, as if they had not been refracted. Rays passmg 
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tbrough other parts of the grey region are also refracted twice but not passing through 
parallel interfaces, so these rays are detected by the adjacent light detectors 9b. 

The fact that some rays wiU be refracted and still exit the specimen 6 in the same 
orientation (although a different position) is not a problem. The example of Figure 8 
shows only one of die many sets of projections taken through this section. Full imaging 
involves capturing such a data set for hundreds of orientations through the section, and the 
combination of all tiiis data allows a fiill reconstruction of the disfribution. 

Figures 9 to 12 show three-dimensional views of the apparatus. In Figure 9, all un- 
refracted (and unscattered) rays through a two-dimensional section of the specimen are 
focused onto the centtal light detector of the array. The specimen 6 is rotated about a 
vertical axis between indexed positions in each of which a complete scan is undertaken. 

Figure 10 shows the path of scattered or refracted light onto auxiliary light detectors. 

Figure 1 1 illustrates that the lens (or optical system) allows the one-dimensional array of 
detectors 9 to capture data from a fiiU two-dimensional raster-scan of die specimen. A row 
of scanned positions is always directed down or up to the row of detectors, irrespective of 
the vertical height of the' scan. 

A two-dimensional array of light detectors 9 may be used instead of a one-dimensional 
array, as shown in Figure 12. This would be able to measure light which is scattered 
above or below the plane occupied by the light rays shown in Figure 12. 

The data derived from the detector array 9 optics is interpreted by an algorithm. 

Many different algorithmic approaches already exist for performing back-projection 
calculations. One approach is to use a standard linear filtered back-projection algorithm 
(as in US Patent 5680484). Other approaches include iterative, maximum entropy and 



algebraic reconstruction technique. (R. Gordon et al.. "Three-Dimensional Reconstruction 
form Projections: A Review of Algorithms". 



The algorithm works as follows: 

1. The data is used as if it were parallel (or fan-beam) data to perform back-projection. 
This produces a "fuzzy" estimation of the distribution of absorption or fluorescent 
characteristics of the specimen. 

2. A first approximation of the distribution of refractive index is estimated. This can be 
done in a number of ways. One useful method is to assume that the absorption or 
fluorescent distribution will reflect the distribution of refractive index. Within each 
section a 2-D gradient vector is calculated for each voxel. An alternative is to start 
with a uniform or a random distribution. 

3. The estimated refraction distribution is used to perform a forward-projection, i.e. a 
prediction of what the projection data should look like if the initial estimate of the 
refraction distribution was correct. 

* 

4. The predicted projections and tiie actiial projections are compared. 

5. The estimated refraction distribution is modified. The projections witii a greater 
difference between predicted and actual, pin-point which regions of tiie distiribution 
need more modification. For example, in the case of die grey shape shown in Figure 
8. projections from the curved ends of die oblong will differ greatiy from die 

- predictions due to the large amomit of refraction. Voxels in die regions therefore have 
tiieir predicted refraction indexes changed more dian otiier regions. 

6. The loop from 3 to 6 is repeated until no further improvements to the predicted 
projections can be made. 
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CLAIMS 



1. Apparatus for obtaining an image of a specimen by optical projection tomography, the 
apparatus comprising Ught scanning means, a rotary stage for rotating the specimen to 
be imaged, an optical system and light detector means, wherein Ught from the 
scanniiig means scans the specimen and the optical system is operative,, throughout the- 
scanning movement of the Ught, to direct onto the detector meaos only Ught which is 
unscattered and unrefracted as a result of passing through the specimen. 

2. Apparatus accordmg to claim 1, wherein the optical system is constituted by a convex 
lens which causes convergence of incident light but directs onto the detector means aU 
unscattered and unrefracted light. 

3. Apparatus according to claim 1 or 2. wherein the light detector means is constituted by 
a localised detector positioned on an optical axis of the apparatus. 

4. Apparatus according to claim 3, wherem the localised detector is the central detector 
of a linear array of detectors, the detectors on either side of die central detector 
constituting auxUiary detectors which detect scattered and/or refracted light. 

5. Apparatus according to claim 3, wherein die localised detector is the central detector 
of a two-dimensional array of detectors, the detectors surrounding the central detector 
constituting auxiUaiy detectors which detect scattered and/or refracted light. 

6. Apparatus according to any of the preceding claims, wherein rotary stage rotates the 
specimen to mdexed positions in each of which the specimen is in use subjected to a 
scanning movement of incident light by the scanning means. 



11 



7. Apparatus according to claim 6. wherein the scanmng means is operative to scan the 
light in a raster pattern, one complete raster scan being undertaken at each indexed 

position of the specimen. 

8. Apparatus according to any of the preceding claims, wherem the light scanning means 
form part of a confocal scanning microscope. 

9. An optical system for use in apparams for obtainmg an image in optical projection 
tomography, the optical system receiving tight from a specimen scanned by a tight 
beam and bemg operative to direct onto a locaUsed detector only light which is 
unscattered and unrefracted as a result of passing through the specimen. 

10. A method of obtaining an image of a specimen in optical projection tomography, the 
method conqjrising moving a tight beam across the specimen with a scanning motion, 
passing the light emanating from tiie specimen through an optical system, directing the 
light from the optical system onto a detector which detects tiie tight from tiie optical 
system, wherein the optical system is operative, throughout the scanning movement of 
the tight, to direct onto the detector only light which is unscattered and unrefracted as 
a result of passing through the specunen. 



ABSTRACT 
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TITLE: OPTICAL PRO.TF.CTION TOMOGRAPHY 



Apparatus for obtaining an image of a specimen (6) by optical projection tomography 
comprises a confocal microscope (1. 2, 3) which produces a light beam which scans the 
specimen (6) whilst the latter is supported m a rotary' stage (7). Light passing flirou^ the 
specimen is passed flirough a convex lens (8) which directs only unscattered light onto a 
central light detector of an array of detectors (9) . 



(Figure 1) 
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